The enzymatic ring-cleavage of catechol derivatives is catalyzed by two groups of dioxygenases, extradiol-and intradiol-cleaving dioxygenases. Although having a different oxidation state of their non-heme iron site and a different ligand coordination, both groups of enzymes involve a common peroxy intermediate in their catalytic cycle. The factors that lead to either extradiol cleavage resulting in 2-hydroxymuconaldehyde, or intradiol cleavage resulting in muconic acid, are not fully understood. Well characterized model compounds that mimic the functionality of these enzymes offer a basis for direct comparison to theoretical results. In this study the mechanism of a biomimetic iron complex is investigated with Density Functional Theory (DFT). This complex catalyzes the ring opening of catecholate with exclusive formation of the intradiol cleaved product. Several spin states are possible for the transition metal system, with the quartet state found to be of main importance during the reaction course. The mechanism investigated provides an explanation for the observed selectivity of the complex. First, a bridging peroxide is formed, which decomposes to an alkoxy-radical by O-O homolysis. In contrast to the subsequent barrier-free intradiol C-C bond cleavage, the extradiol pathway proceeds via the formation of an epoxide, which requires an additional activation barrier.
Introduction.
Two different groups of enzymes are involved in ring-cleavage of catechol derivatives, the extradiol-and intradiol-cleaving dioxygenases. Both these groups play important roles in microbial aerobic degradation of catechol derivatives and are thus important in bacterial degradation pathways [1] . Extradiol dioxygenases contain non-heme Fe 2+ coordinated in square bipyramidal geometry by a 2-His-1-carboxylate facial triad [2] and solvent molecules. In this coordination iron is exposed to a weak ligand field that leads to a high-spin quintet ground state. The substrates are derivates of catechol (1,2-dihydroxybenzene) that bind directly to the iron by replacing the solvent molecules. In the first step of the catalytic cycle the substrate binds as a monoanion, causing a change in the ligation of the iron (step 1 in Fig.1 ), so that dioxygen can bind to iron (step 2 in Fig.1 ). The oxygen binding leads to a partial oxidation of the substrate, which gains cationic radical character, and dioxygen is reduced to a superoxide. An alkyl-peroxide species is formed during the further course of the reaction [3, 4] . Protonation of this species leads to O-O bond cleavage and the insertion of one oxygen into the catechol ring [5] (step 3 in Fig.1 ). Finally, hydrolysis of the lactone intermediate by the remaining hydroxide results in product release (step 4 in Fig.1 ). Intradiol dioxygenases cleave the ring between the two adjacent hydroxyl substituents and utilize Fe 3+ in their active site. Here the iron is coordinated by two histidines, two tyrosines and a hydroxide. The catechol binds in a dianionic manner, where deprotonation of the two alcohol oxygens is facilitated by first shell ligands (step 1 in Fig.1 ). Ketonization of the substrate has been suggested to provide the possibility of a direct attack of dioxygen on the substrate. However, computational results indicate that such a direct attack of triplet dioxygen on the substrate is unlikely due to a too high activation energy [5, 6] . The substrate is one electron oxidized, which leads to an Fe 2+ -semiquinone species. This intermediate then binds dioxygen to the metal, and a subsequent attack on the ring leads to the bridging peroxide (step 2 in Fig.1 ). The incorporation of the first oxygen atom into the ring proceeds via a so called Criegee rearrangement, which is a concerted O-O bond heterolysis and O-C attack leading to C-C bond cleavage and insertion of the attacking oxygen into the ring (step 3 in Fig.1 ). This step is facilitated by HOX coordination (water or first shell ligands) that leads to protonation of the remaining oxygen. Nucleophilic attack of the newly formed hydroxide then yields the final product, cic,cis-muconic acid, see Fig.1 . It should be noted that the present description obtained from calculations for both extradiol and intradiol mechanisms, involve a homolytic cleavage of the O-O bond. For the intradiol dioxygenase 3,4-PCD a heterolytic Criegee rearrangement was also obtained [7] . The energetic difference of 2.2 kcal/mol between them however is not sufficient for concluding which one is more favorable. Based on experiments Bugg et al [8] suggest that the extradiol cleavage is heterolytic, while the intradiol one is homolytic. However, this difference is not possible to resolve by experiments as long as no intermediate has been detected. From the present calculations an intermediate with a sufficiently long life-time appears very unlikely.
Although much is known about each class of enzymes, the factors that determine intraversus extradiol specificity are still under debate. Accurate biomimetic models can provide valuable insights to the discussion. The enzymes utilize an ordered mechanism, with substrate binding prior to dioxygen binding. Thus, isolated iron-catecholato complexes as the one investigated here, serve as good starting points for modeling studies. In a study on biomimetic iron compounds with a series of different ligands it was found that the reactivity of the complex correlates with the Lewis acidity of the iron(III) center [9] . Another model complex has been reported to mimic the coordination environment found in the enzymes, having a chelating ligand providing two nitrogen and one oxygen donor. However, this complex was found to have no product specificity [10] . The functional model complex investigated here has a rather rigid ligand that provides four nitrogen donors. It can activate dioxygen at room temperature to oxidize catechol exclusively to mucon acid anhydride with a turnover number of 54 [11] . The proposed mechanism based on our calculations is given in Fig.2 .
Iron is coordinated by a tetraazamacrocyclic ligand L-4Me4, leaving two adjacent coordi- [11] . This corresponds to activation barriers of 21.0 and 18.0 kcal/mol, which might be compared to the rate constant for intradiol cleaving Catechol Dioxygenase [12] with k = 2.5 x 10 5 M −1 s −1 (corresponding to a barrier of 10.1 kcal/mol) . Even though the coordination environment of the functional model complex and the enzyme are quite different, questions regarding the C-C cleavage step, the actual attack of the dioxygen molecule on the iron(III)-catechol system and the intradiol specificity can be addressed.
2.Computational details.
The computational model used in this work is based on the crystal structure reported for the catecholate complex [(LN 4 Me 2 )Fe(II)(cat) − ] + [11] (denoted as R1). The calculations were done using the hybrid density functionals B3LYP [13] [14] [15] [16] [17] and B3LYP*, for which the amount of Hartree-Fock exchange is reduced from 20% to 15% [18] . This has been found to work better for transition metal containing systems [19] . In this study the rate limiting step was lowered by 5.4 kcal/mol when using B3LYP* instead of B3LYP. Geometry optimizations were done with the software package Jaguar5.5 [20] , using the B3LYP functional with the lacvp basis set, which is composed of the 6-31G description for all light atoms and an Effective Core Potential (ECP) on iron [21] . The final energies for the fully optimized structures were calculated with the B3LYP* functional and the cc-pVTZ(-f ) basis set. This intrinsically polarized triple zeta basis set does not include an ECP, therefore lacv3p * * basis set was explicitly used for iron. Experience has shown, that geometries obtained from calculations using the double zeta basis are quite adequate for the calculation of the final energetics [22, 23] . Hessian matrices (i.e. matrices of force constants) were calculated with B3LYP/lacvp, using Gaussian03 [24] . The calculation of the Hessians was necessary to find and verify transition states. Furthermore, the Hessian is needed to evaluate zero point effects, entropic and thermal corrections to the Gibbs free energy for each stationary point. For the oxygen binding step it is difficult to describe the variation of the entropic contributions correctly within the present modeling. The calculated entropic contribution for the oxygen binding is 8.6 kcal/mol, which goes up to 13.4 kcal/mol during the formation of the bridging peroxide. Once dioxygen is bound, and the reaction has started, the relative entropy effects vary by 0-2 kcal/mol. To account for compensating effects in the oxygen binding a Van der Waals correction was evaluated with B3LYP-D using the Orca Package [25, 26] . Corrections of 3-4 kcal/mol were calculated for these long-range dispersion interactions. To reproduce the polarization effects of the solvent used in the experiments, the selfconsistent reaction field (SCRF) method implemented in Jaguar 5.5 was employed [27, 28] . The solvent was modeled as a macroscopic continuum with a dielectric constant of 36.6 (corresponding to acetonitrile), and the solute was placed in a cavity contained in this continuous medium. Final energies of the optimized structures were corrected for the solvent effects by employing the lacvp basis set. In general the dielectric medium should have a small effect on the reaction energetics as long as no substantial charge separations are involved [29, 30] . However, some charge separation is present in this case and solvent effects therefore range from 4 to 10 kcal/mol. Reported spin populations are used to indicate the spin-and oxidation state of the metal ion and were derived from a Mulliken population analysis.
Results and discussion.
The electronic ground state of the reactant The open-shell nature of the transition metal leads to several possible spin states of the system. In order to explore the reaction coordinate one needs to know the energetic splitting of these states for all the reaction intermediates. The iron(III) containing reactant complex can have three different spin states -sextet (spin 5/2), quartet (spin 3/2) and doublet (spin 1/2). Due to possible reduction of the iron by the substrate a total number of 8 spin states exist for R1. This number originates from various couplings between the unpaired electrons arising upon one electron transfer from the substrate to iron. However, some of these states were found to be energetically high and thus thermally inaccessible and will not be considered in the discussion. A summary of the calculated relative energies for the lowest spin states for the reactant is given in [6, 7] and experimental [31] findings concerning intradiol cleavage in enzymes.
Dioxygen binding
The formation of the oxygen adduct R2 from R1 and 3 O 2 is accompanied by one electron reduction of the dioxygen molecule to a superoxide O − 2 . The electron is provided by the substrate radical, which in turn becomes a neutral quinone. One oxygen atom of the substrate has to dissociate from the metal ion upon oxygen binding to provide the necessary coordination site, see Fig.3 b. The relatively high energies of the oxygen adduct is mainly due to energy required to dissociate one of the substrate oxygens from iron. In the absence of dioxygen this dissociation cannot be achieved without applying a geometry constraint on the oxygen-iron distance during the optimization. Thus, in total oxygen binding requires an activation barrier of 16.7 kcal/mol in the presence of the base. This shows that most of the energy needed to form the oxygen bound adduct 4 [R2] 4α1β is due to the dissociation of the semiquinonate. Since the total O 2 binding energy given by the test model was essentially the same as without the base, the investigation was continued with the initial model. The possibility of direct dioxygen binding to the substrate instead of the metal was also investigated. However, it was not possible to obtain such a complex without constraining the distance between a catecholate carbon atom and O 2 . Furthermore, these computational model complexes were found to be 8 to 12 kcal/mol higher than the corresponding metal-bound structures, hence it can be concluded that direct oxygen binding to the substrate is unlikely to occur. These results are in good agreement with the predominant ferrous character that was found in the R1 complex, which enables direct binding of the dioxygen to the metal.
O-O bond cleavage
From the R2 complex the reaction proceeds via an attack of the superoxide on the aromatic ring of the substrate. The second electron required for the reduction of the superoxide to a peroxide is provided by iron(II), which is thus oxidized to Fe(III). The transition state 4 TS1 (Fig.5 a) [5, 7, 32, 33] and homogentisate dioxygenase [34] . In all these cases this short-lived radical intermediate spontaneously converts into the next intermediate. Such an alkoxy radical intermediate is absent in the case of an experimentally suggested Criegee rearrangement with a heterolytic cleavage process. Furthermore, a Criegee Rearrangement requires in-plane orientation of the two oxygen atoms and the two carbon atoms involved in bond cleavage and formation [7] . This is not possible for the current system, since the rigid ligand on iron does not provide enough flexibility. The existence of the radical intermediate opens the possibility for the alternative extradiol reaction. The results describing the selectivity of the ring cleavage and thus the specificity of intra-versus extradiol ring cleavage are presented in the next section. kcal/mol less stable than the equivalent quartet state structure. These energy differences clearly indicate that the quartet path, going through a peroxy intermediate, is the preferred one for the reaction.
Comparison of Intra and Extradiol bond cleavage
The Fe(IV)-oxo/alkoxy radical intermediate plays a pivotal role for the intra vs. extradiol cleavage selectivity. It is therefore quite important to explore both reactions and find out which one is energetically favorable. A summary of the reaction profiles is shown in Figure  7 .
From RAD the intradiol path proceeds in a single step involving C-C bond cleavage and C-O bond formation. The transition state 4 TSi for this intradiol cleavage could be located on the quartet PES using the small basis set, as described in the computational section. However, the large basis set correction to the energy lowered the energetic position of that transition state below that of the radical state 4 RAD. Therefore it can be concluded that within the computational accuracy, the formation of the intradiol product proceeds to ANH (Fig. 9 ) with at most a small barrier.
The reaction free energy obtained for the entire reaction is -33.9 kcal/mol. The sextet product 6 ANH was calculated to be 3.2 kcal/mol more stable than the quartet, which indicates that the system undergoes an inter-system crossing back to the resting sextet [5, 32, 33] . For the sextet surface the barrier for the extradiol path disappears when applying the big basis set correction, but this path is still higher in energy than the intradiol one.
After the epoxide formation the C-C bond is cleaved. The transition state TScc for this step is +3. •− adduct appears to be quite endergonic for the biomimetic complex. The reason is that the binding of the O 2 molecule requires dissociation of one of the substrate oxygens from iron, and opening of a free coordination site. Within the present model this transformation was found very expensive in terms of free energy. The enzymatic environment on the other hand, provides a coordination site for dioxygen in the beginning of the reaction, and facilitates later conformational change by stabilization interactions with second-shell residues. For the biomimetic system, the calculated sextet spin state reaction involves too high energies, but spin transition to a quartet state was found to occur, where the calculated activation free energy is in a good agreement with the experimentally determined one. A Criegee rearrangement transition state was found for the enzyme, which requires in-plane orientation of the two oxygen atoms and the two carbon atoms involved in bond cleavage and formation. This was not possible for the present model system, since the rigid ligand on iron does not provide enough flexibility for the proper arrangement.
Conclusions.
A plot summarizing the theoretical results and providing a mechanism for the catalytic reaction of the biomimetic complex [(LN 4 Me 2 )Fe(II)(cat) − ] + is given in Fig. 7 . From the calculated spin splittings it can be concluded that only the quartet state is likely to be involved in an energetically plausible mechanism. The sextet, being the resting state for the reactant and the product, is involved in the beginning and the end of the reaction. Doublet states were always found to be 5 to 15 kcal/mol higher in energy than the corresponding quartet and sextet intermediates ( Table 2 ).
The mechanism is summarized in Figure 2 . The catecholate complex R1 binds dioxygen and forms the adduct R2, in which the substrate is bound in a monodentate fashion. dioxygen is one electron reduced and forms a superoxide. Attack on the aromatic ring leads to a bridging alkylperoxo complex BP, which is the rate limiting step. The calculated activation free energy of 23.3 kcal/mol is in a good agreement with the experimental barrier of 21 kcal/mol. The involvement of a peroxo intermediate in both intra-and extradiol cleavage reactions is supported by a number of computational studies [5, 7, 8, 32] and by recent experimental studies of Kovaleva et al [3, 4] , where such an intermediate was actually detected. The peroxide O-O bond cleaves homolytically to give a radical Fe(IV)-oxo intermediate RAD. The ring cleavage and oxygen atom insertion to give the intradiol product proceed without an activation barrier. A muconic anhydride is formed, which is the final product within the scope of the present work. The alternative path of extradiol cleavage needs to cross an additional barrier that leads to the formation of an intermediate epoxide.
Solely due to this barrier intradiol cleavage is observed for this biomimetic model complex.
